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ABSTRACT
A scanner based on the principle of the classic microdensitometer was
assembled for the purpose of rapid granularity determination. A rotary
stage was used to allow the generation of a root-mean-square (rms)
voltage signal proportional to rms Transmittance in the sample. A
mathematical relation was then developed to calculate granularity. The
scanner was calibrated and was proved capable of 10 percent accuracy
with 95 percent confidence.
SECTION I
INTRODUCTION
Granularity (oj) is the spatial variation in density of an emulsion on a
microscopic scale. It can be considered noise in a system. Without
noise in a system, one could detect the slightest alteration in signal
value with a good degree of confidence. The effect of .noise is to mask
a change of signal so that the signal must deviate by a large value before
the change can be detected with confidence. Thus, in the case of a
photographic emulsion, granularity, which is the density-variation noise
of the system, will cause overall changes in density (the signal) to be
hidden if the change is not large. This effect is illustrated in Figure 1.
The capability of a film to record information as a small difference in
density, therefore, is limited by granularity. It follows that knowledge
of the granularity of a film is a useful tool in predicting one facet of
its performance.
This paper reports on a project to provide for the school of Photographic
Arts and Sciences of the Rochester Institute of Technology the means for
rapid measurement of granularity in a transmission material. While it is
valuable in a school situation for students to be familiar with a number
of methods for arriving at granularity, a rapid method for obtaining oj





Representation of a microdensitometer trace
of adjacent uniform density patches showing
the effect of granularity in concealing the
overall density change.
the exercise of calculating it. The fundamental tasks of this project
were the construction of a scanner to provide a rapid readout and the
measurement of its performance with regard to precision, repeatability,
and accuracy.
The resulting scanner is basically a microdensitometer to which a
rotary stage was added.
The general schematic is as depicted in Figure 2. The source (A) is
imaged by a condenser (B) onto the entrance pupil of a reversed micro
scope (E) . The source image fills the entrance pupil. Microscope (E)
is used to project, at a reduction, the image of the illuminating aperture
(C) onto the sample plane (F) . The viewing microscope (G) is used to
project the magnified image of an illuminated spot of the sample onto
the aperture entrance (H) of a photomultiplier tube (I). The sample (F)
rotates about an axis displaced from the optical axis of the system.
The light from the source is modulated by the transmittance of the spot
on the sample which lies in the optical path at any given time. The
aperture (H) masks the image beam so that a spot 48 urn in diameter is
examined by the system. The variation in grain structure within this
spot as the sample spins causes a corresponding variation in the trans
mittance and hence a variation in the flux entering the photomultiplier,
The resulting variation in photomultiplier output voltage is detected by
a root-mean-square (rms) voltmeter (J) and forms the basis of the
granularity calculation. Voltage output (Vj_c) of the photomultiplier
can be controlled by the neutral density wedge (D) .

Although the principle of operation of such an instrument is simple,
the actual construction and operation of such a device is subject to
error in manufacture and measurement. Photomultiplier output is directly
proportional to flux input only to a certain degree for each tube in
question. Optical elements and systems also vary in performance from
planned values. These and other factors make system calibration of
utmost importance. With this in mind then, the following objectives for
the project were established:
a. As granularity is most generally reported in two
digits, in the form O.OXX, can the values of o,
obtained with this instrument be determined to
the required level, for example, O.OXX 0.0005?
b. Can the instrument be made repeatable to the
degree that, with 95-percent confidence, o^
obtained with one observation lies in the range
of mean system o_| 0.0005?
c. Can
_d
be determined to an accuracy of 10 percent
based on samples provided from an established
source?
The design of apparatus, experimental design, and reduction of data
throughout the study were done in accordance with accepted procedures




The instrument envisioned at the beginning of this project had to meet
several basic criteria:
a. The scanner must be reasonably rugged so that
several operators with varying degrees of
experience might use it without damaging it.
This criterion is based on projected usage of
the instrument by students, both undergraduate
and graduate.
b. The scanner must be manufactured from relatively
low cost, readily available components so that
repair and/or replacement is facilitated.
c. The scanner should be simple to operate.
d. The scanner should be conpatible with available
meters and instruments.
With these basic factors in mind, a literature search suggested that a
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rotary-stage microdensitometer would be the best avenue to explore.
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Mr. Joe Altman and Mr. Edward Doerner of Eastman Kodak Research Labora
tories indicated that when a standard was established, the scanning
aperture would most probably be 48 pm. This aperture was then decided
upon.
Microscope objectives of matched numerical aperture were selected with
the idea that this would guard against unwanted flare in the viewing
microscope. This also conforms to Eastman Kodak methods.
Further conversation with Mr. Doerner revealed that the ability to hold
the sample flat tended to limit the useable circular scan path to a
diameter of about 1 centimeter. This diameter would yield a scan path
of such a length that more than 600 independent readings could be taken
with a 48 ym aperture. This provides a sufficient number of readings
for statistical sampling to the reliability and accuracy required by
this project.
Theory of Measurement
The basis for measurement of o^ in a device of this nature stems from
the relationship of the standard deviation of density to the standard
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deviation of transmittance (o-p) . This relationship is described by:
T . T 2 l t 4
Gd
= 0.434 ,![ 1 + 1,(Y) +^I) + . . .]. (II-l)
Which relationship can be simplified, if the scanning aperture diameter
Of







where: T is the average transmittance of the sample.
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T T
The error, if = 0.1, will be about 1 percent, and if
t = 1.0, about
13 T T T
10 percent. Normally, the value of =- is so small that (II-2) can be
12 T T
used with negligible error, because then o^
is proportional to = a
measure of both oj and T would allow direct computation of o^.
A photomultiplier tube normally has an output current proportional to
input light intensity. If the anode load resistor of the photomultiplier
is fixed, and the anode voltage is constant, the output .voltage across
the anode load resistor is also proportional to input light intensity.
The light input of a beam incident on the photo cathode of the photo
multiplier is directly proportional to the transmittance of any medium
within the beam. Therefore, it can be said that the output voltage of
a photomultiplier is proportional to the transmittance of, for instance,











K? Y , (II-4)
V
where: ay and V are the standard deviation of voltage output resulting
from the sample and the average voltage output across the load, respect
ively, and K2
= 0.434 ^ .
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Derivation of the constant, K2, for the photomultiplier in this installa
tion is shown in Appendix A.
Optical Design
An approximation (Figure 3) to the scanner was designed and a breadboard
model was set up using Spindler-Hoyer Micro Optical Bench components on
a triangular rail. The final components selected for the microscopes
were Rolyn tubes; Bausch and Lomb, 10X N.A. 0.25 achromai objectives,
bought as a matched pair; and two Bausch and Lomb, 10X Huygens eyepieces.
The final configuration is shown in Figure 4.
Photomultiplier
In view of the interchangeability desired with other instruments in the
use of meters, detectors, and power supplies and since the essential
measuring meters for both rms and direct-current (d-c) voltage and a
photomultiplier and its power supply were on hand, the scanner system
was built around these existing components. The photomultiplier in use
was an RCA 931A in an Aminco Photomultiplier Microphotometer assembly.
The photometer output had too long a time constant as factory wired. As
the measurement of frequencies beyond the capability of the circuitry
was contemplated, the existing circuit was bypassed and the output read
directly across the anode load resistor of the photomultiplier. In


















































































package was used. The minimum anode resistance supplied with the circuit
was 300 kilohm. This resistance would yield an upper cut-off frequency
of 621 KHz considering the 1 megohm shunted with 7 pf. input impedance
of the rms voltmeter. A 100 kilohm precision resistor was substituted
in the circuit in place of the 300 kilohm resistor. The approximate
band pass of this resistor-meter circuit cuts off at 1.57 MHz which is
sufficient to pass the signal resulting from a spatial frequency of 35,000
cycles permillimeter scanned in a path of 1 centimeter .diameterat 92 rpm.
See Appendix B.
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Photomultipliers in general cover this frequency range so the measuring
devices are capable of accepting signals of greater frequency than the
normally expected spatial frequencies of films would generate for the
scanner operating conditions.
Stage
In order to have as stable a stage as possible, the rotor was planned as
a heavy piece of brass turning on a precision bearing.
Lamp Power Supply
The determination of granularity alone does not require a ripple-free
source because the ripple can be subtracted out in the computation of oj.
If, however, this device was to be used in later generations for power
spectrum analysis any source with a ripple would be unacceptible.
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In evaluating possible power schemes it was found that the ripple present
in a tungsten ribbon filament was on the order of 20 percent when the
lamp was working directly off transformed line voltage. The frequency
of this ripple was 120 Hz so there would be contribution in the noise
spectrum at this and harmonic frequencies.
The most ripple free d-c power supply possible is a battery. For economy
of both time and resources this was the final solution. A 6-volt, 135
amp-hour automobile battery was purchased for use as a power supply.
Lamp
The lamp selected for illumination was a 6-volt, 9-amp, vertical ribbon
filament, base-down type (G.E. 9A/T8 1/2/1P) . The ribbon filament has
the advantage of providing a relatively uniform extended source which can
readily be projected to fill the entrance pupil of the illuminator micro
scope. Further, the ribbon filament is better able to uniformly
illuminate the lamp condenser which is ultimately projected onto the
photomultiplier aperture, hence uniform field of illumination is easier
to achieve. A comparison between a ribbon-filament lamp and a
coil-
filament lamp early in this project showed clearly the advantage of
the ribbon source in this respect.
16
Condenser
A condenser lens provides a convenient means for imaging the source
onto the entrance pupil of the illuminator microscope. A magnification
on the order of 10X was planned in this imaging of the 1mm wide source
so that at the entrance pupil of the illuminator a suitable margin for
overfill and for minimizing the effects of the source edge illuminance
fall off were possible. Further, as minimizing the effects of chromatic
aberations in the condenser was considered to be important, a corrected
lens of some sort was desired. Considering these factors plus the
limited length available for a practical optical path, the lens finally
selected was a Hastings triplet of focal length 25mm.
Lamp House
Since in using a 25mm lens as a 10X projection lens the source must be
placed only 27.5mm from the lens to achieve the proper magnification at
275mm image distance, (See Figure 3) heating could be a problem.
Therefore, any mounting of the lamp and condenser must take into considera
tion the ability to cool or otherwise protect the lens. Another
consideration is the total distance (27.5mm) between the filament and
the primary principle plane of the condenser in which to mount any hard
ware required. Further is the practical requirement of providing a
focusing mount for the lamp condenser.
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The final result in this instance was a scheme to use a heat absorber
between the lamp envelope and the condenser while flowing air around
both the heat absorber and the condenser mount. Additional cooling of
the lamp condenser is possible as the adjustable aluminum sleeve which
secures it is mounted on an aluminum plate three inches square which can
act as a heat sink. See detail and photograph in Appendix C.
SECTION III
EXPERIMENTAL
Manufacture and Assembly of Hardware
Tests and experiments throughout construction of the scanner showed the
need for engineering and modification on some of the components. For
*
example, the visual examination of samples under illumination in the
scanner showed flare in the image. Marked reduction of this flare was
achieved by inserting baffles within the microscope tubes.
The lamphouse (Appendix C) evolved from the considerations previously
mentioned. As it was to be the mounting structure of three fundamental
parts of the optical train a good degree of rigidity had to be provided.
In addition, the lamphouse had to allow cooling air to flow about those
heat-sensitive components mounted within it. This was accomplished by
providing a three piece lamphouse, two pieces of which could be screwed
directly to a mounting plate on the rail carrier. The two major pieces
telescope together tightly to form a rigid baffle box which covers the
lamp. The third piece is a collector manifold for drawing off the air
circulating around the lamp assembly. The condenser assembly with its
heat sink and the heat absorber are mounted to this baffle box by three
screws. The condenser assembly is held fast and the heat absorber is
loosely held to allow for stress relief. Alignment adjustment is allowed
by oversized mounting holes in the lamphouse structure.
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The rotor was machined from a 6-inch-diameter 1-inch-thick brass disk.
It is a ring, the bore of which is seized to the outer diameter of a 209T
precision bearing manufactured by SKF. The inner bore of the bearing
is seized to a thin walled brass bushing mounted to the carrier assembly.
The control box consists of three switches, controlling the motor, the
lamp, and the lamp blower. The lamp switch is in the blower circuit so
that the lamp switch is inoperative if the blower switch. is off. The
lamp will operate with the blower inoperative only if the
alternating-
current (a-c) line which supplies the blower motor is not plugged in.
The photomultiplier housing was baffled internally to reduce flare. A
black-paper sleeve was placed over the photomultiplier itself to cut down
unwanted reflections from the envelope. A window in this sleeve was
provided over the cathode area. An opal plastic diffuser was provided
near the photomultiplier to reduce the effect of alignment errors of the
photomultiplier housing. A baffle box was provided in front of the
photomultiplier housing to reduce stray light effects.
Mounting of the lamp house, microscopes, and rotor to the triangular
bench carriers was by subplate assembly. See Appendix E. Adjustment
was provided by oversized screw holes, set screws, and shims. Adjust
ment is possible about three axes in rotation and in the transverse
vertical and the horizontal planes.
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The carriers used for the components allow movement along the optical
axis. Two types of carriers were used in the apparatus. One type was
a flat topped, 5-inch-long carrier to which a flat plate of desired size
could be mounted to provide a platform for the component subplate. Three
of these were used. The other type consisted of a short carrier which
was supplied with a post receptical. One of these was used for the photo
multiplier housing to utilize its existing mounting post, one for the
neutral density wedge, (D in Figure 2), and one for holding an anti-
reflection bellows on the viewing microscope.
Once the components had been assembled on the bench the adjustment of the
optical train could be started. The principle task was to define the
positional coordinates of the various components along the optical axis.
The most critical positional relationship is that between the sample plane
and the photomultiplier aperture plane. The location of these two planes
with respect to the viewing microscope determines the scanning aperture.
Considering the viewing microscope as a projector, the relationship of







In the case here,
d'
and d are analogous to the photomultiplier aperture
and the scanning aperture at the sample plane, respectively. As the
scanning aperture is the key dimension in the measurement of a^, the
magnification of the viewing side should be accurately known. The nominal
magnification of both microscopes was 100X as 10X oculars and objectives
were used.
The initial task in measuring and setting the magnification was to
calibrate the magnifying power of the illumination objective in the
illuminator tube with a filar eyepiece. This was done by scanning a
stage micrometer with the objective and the filar eyepiece 20 times.
The results of this were a mean and standard deviation of the number of
scale divisions the filar index moved through as the reticle swept 100 ym
in the stage micrometer image. The mean found was the calibration factor
used in the next step.
Step two was to use this filar microscope to measure an image formed by
the viewing microscope. This measurement expressed in filar divisions
was multiplied by the calibration factor above to give an image size in
~m. The ratio of the object size to the image size then becomes the
reduction of the microscope. The object used was the lamp condenser
aperture.
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The object distance was then adjusted until a reduction of 100X was
achieved. Replicate measurements were made throughout this procedure.
When the object distance was finally set, a transfer rod was made to a
length equal to the distance between the ocular surface and the object.
The transfer rod was then used to set the object distance and the measure
ment was made of the image as before. 30 replicate measurements were
made yielding a mean and standard deviation of the number of divisions
on the filar scale as before. The magnification of the uiewing side
could then be computed and confidence limits placed on it. With 95-
percent confidence, the magnification is between 100.14 and 100.54. See
Appendix F.
The conjugate planes used in this measurement are identical to the planes
of interest with the viewing microscope set up to project a grain pattern
onto the photomultiplier aperture except the object and image positions
are reversed. Therefore, the reduction is exactly equivalent to the
magnification.
With the most probable magnification known, then, the photomultiplier
aperture mask could be manufactured to the required size to provide a
48 urn-diameter scan aperture at the film plane. The aperture was
fashioned from brass shim stock. The opening was drilled and hand reamed
to 0.1887 inch or 4.79mm diameter. Prudence cautioned against attempting
to adjust the hole further. The measurement of the aperture was made
with a hole gage and micrometer.
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It was decided to use the viewing-side transfer rod on the illumination
side also. The magnification of the illuminating side was measured and
found to be nearly equal to the magnification of the viewing side. The
measurement in this instance was not as rigorously performed as for the
viewing side; the rationale being that the magnification was not as critical
because it is necessary only that the illuminated field be larger than
the scanning aperture.
An aperture mask to provide for a 24 ym scanning aperture was also
manufactured. This mask was drilled with a 3/32-inch bit and hand
finished. The aperture was measured optically by calibrating a 5X
objective as before and measuring the opening directly with the filar
eyepiece. See Appendix G. The 24 ym aperture was used to obtain o^
values directly comparable to the values reported by Mr. Doerner for the
samples used as his measurements were made with a 24 ym aperture.
Photomultiplier Evaluation
It was already stated that the voltage across the anode load resistor
of a photomultiplier can be measured as a function of the transmittance
of attenuators in the beam of light incident on the photomultiplier
collection aperture to generate a functional response curve of the photo
multiplier. The voltage was measured after the final assembly of the
basic scanner unit.
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When the optical path was complete, a jig was made which would hold
neutral density filters in the beam on the lamp-house side of the
illuminating microscope. The filters used were those supplied with and
used for the calibration of the Ansco Model 4 microdensitometer.
It was assumed that the labeled densities of these filters were as
accurate as required for this study. The transmittancesof the filters
are shown along the ordinate of the graph of Figure 5.
Initial screening of the photomultiplier used in the apparatus showed
that the plot (Figure 5) of the logarithm of d-c voltage output (V^.-)
vs the logarithm of transmittance (T) was approximately linear for four
data points: transmittances equal to 7.08, 2.82, 1.45, and 0.537-percent
respectively. This initial study also showed that upon opening the
photomultiplier shutter to the beam the V<j_c fluctuated irregularly for
a short time and then began a definite decline.
A number of observations of photomultiplier output voltage at these four
transmittance levels were recorded with the time of observation over a
period of an hour. Plots of the voltage output at each given level of T
vs time of observation yielded the curves of Figure 6. As indicated in
Figure 6, a 25-minute block during this hour was studied as the basis
of the photomultiplier transfer curve. There were 18 observations
recorded during this period. All eighteen points were used in a linear




























I I I I I i I
1




10.0 20.0 30.0 100.
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OF BEAM AND DENSITY OF FILTER.
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FIGURE 6. Vdc VS ELAPSED TIME FOR 4 LEVELS OF TRANSMITTANCE
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T +b. This equation reduces to V = (log
b)!^
for ease of computation.
The resulting equation is:
V = 0.5146T1,088. (HI-2)
Then 95-percent confidence limits were placed on the curve resulting
from equation (III-2) and the mean values of voltage at the four levels
of transmittance were compared to those predicted by (III-2). See
Appendix H.
Measurement of oj
The samples scanned as the basis for estimating the repeatability of the
instrument and its general accuracy were obtained from Mr. Doerner and
Mr. Altman. These samples, four flashed film strips and a glass mounted
Eastman Kodak Standard, were provided together with their granularity
values taken with a 24 ym aperture. The electrical measurements of rms
voltage and V^-c output of the photomultiplier were made with a Fluke 931 P
rms differential Voltmeter and a Fluke 853A Differential Multimeter.
respectively. The measurements in each case were made in the differential
mode on both instruments.
Repeatability
Initial scanning of the samples in the apparatus was oriented toward
obtaining a measure of the repeatability of the output. Accordingly.
in this phase of the evaluation, no attempt was made to investigate the
effects of varying VE level, scan aperture, or trace location. In
fact, as each of these might contribute to the overall V (tot^
0Ut"
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put, avoiding these effects was important if the machine variability
alone was desired. This was accomplished by tracing each sample at a
constant V, level (when possible), using only the 48 ym aperture, and
tracing a single scan path on each sample by not moving the sample once
it was secured in the stage. The condition of tracing at constant V(j_c
level was not met during tracing two samples because the desired V^.-
could not be maintained throughout all runs. Later investigation showed
this factor not to be statistically significant, at least over small
deviations of V^.- for these samples.
The procedure used was to clamp the sample in the stage and focus the
grain pattern on the photomultiplier aperture. Then the pre-aperture
was focused on the sample by focusing its edge on a screen at the photo
multiplier aperture. The stage was started and the V^.,, output of the
photomultiplier was brought to desired level by neutral density wedge. The
Vrms signal was read with the stage operating and again with the stage





= Atot_ K]P (1U~Va
where: ay
= rms voltage due to the grain structure,
otot
= rms voltage with the stage rotating, and
a = rms voltage of photomultiplier and circuit
noise (stage stopped) .
29
The granularity (od) of the sample could then be computed from:
od
= 0.399 JL (III-4)
va-c
which is the relation for the photomultiplier used in this apparatus. See
Appendix A.
Seven observations were made on the first sample traced. Comparing the
estimate of the standard deviation of o-j to the desired detectable
difference showed that a smaller sample size could be used readily for
calculations. Accordingly five readings of granularity on each of the
other three film samples were made.
For each observation, the neutral density wedge was adjusted to deviate
the Vd_c widely from the desired point and then readjusted so that
desired Vd_c was obtained. The remainder of the procedure is identical
to that stated before.
Cleaning of two of the film samples, numbers 3 and 4, used in the repeat
ability studies had been attempted. This caused wedging of the focus
position and resulted in large fluctuations of the needle of the rms volt
meter. However, the extremes of the needle swings were noted coming to
the same value each time when operating in the differential mode. This
allowed the nulling voltage to be adjusted so that the extreme needle
excursions fell at the same percentage away from the mean. Observations
made in this manner were as repeatable as those made on the two samples
without the wedging. See Appendix I.
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The mean ad values for each sample obtained from the repeatability study
were compared with the values given for the samples. As the values
obtained in this study were based on a 48 ym aperture, a conversion to






is the area of the aperture. The comparison of the converted






where: Ao, = difference between experimental mean o^, and given o.




Effect of Aperture and V,_ Variations
Three experiments were performed on three samples to determine if the
granularity obtained depended on aperture size and average output voltage
of the photomultiplier assembly. The three samples selected were the
standard and numbers 3a and 4a. The basis for selection was the density
of these samples-all were about 1.0. As in the repeatability study the
sample was put in place and not moved during the full series of replicates
so that the identical path was read for each run. The order of runs was
randomized and the manner of conducting each run was as described in the
repeatability study.
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As designed, the experiments were to investigate the effect of two
apertures, 24 ym and 48 ym and the effect of measuring at two output
vd-c's selected randomly from the upper and lower ends of the linear range
of the photomultiplier. The effective apertures were achieved as before
with the masks previously described. The 2.4mm mask was hinged under
neath the 4.8mm mask by means of tape so that it could be repeatedly located
quickly and accurately at the same point in the final image plane.
The first experiment revealed a limitation which required modification
of the experiments. The flux available to the photomultiplier through
the 2.4mm mask with the sample in place was insufficient to generate
photomultiplier output in the upper portion of the curve.
The first three runs of the first experiment on the standard sample were
done as initially designed. These three runs happened to use the larger
aperture and the preselected voltage was readily achieved. The fourth
run, however, was at 24 ym and revealed the problem. Thereafter, voltages
achievable with both apertures were predetermined for each experiment
before actually making the runs. This was done by simply putting the
2.4mm mask in place after each sample was put in the holder and observing
the maximum voltage obtainable. Then a conveniently controllable voltage
less than this maximum was selected. Unfortunately this voltage lay in
the lower portion of the curve in each case so the voltage variation was
between two voltages in the lower portion of the photomultiplier curve.
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The conditions for the first three runs of the first experiment were
added to the end of this experiment as the last three using the new
preselected voltages. When later calculating ad for each run, the
three
that were not used in the experiment were also computed.
The comparison of results was made with a, values converted to the
same base, 24 ym, through Selwyn 's constant as before.
A mean
od
was calculated for both aperture levels in each of the three
experiments and a comparison was made, as before, with the od values
given by Mr. Doerner for the samples. The comparison was felt to be more
valid in this instance as these samples did not have the wedging problem
noted earlier. Fresh samples had been received from Mr. Doerner and
special care had been taken to protect them.
Determination of Length of Scan Path
While the planned scan path length was in excess of 600 independent 48 ym
aperture diameters, tolerance buildup, and error in construction necessi
tated a check on the actual path length. This was accomplished by using
the illuminating microscope and rotary stage as a camera. The illuminating
aperture was focused on a piece of SO 2430 aerographic duplicating film
held in the stage sample plane. The lamp was then turned off and a fresh
piece of film placed in the stage. The rotor was then started and the
lamp turned on. This was done three times in an exposure series of
lamp-
on times of 15 seconds, 30 seconds, and 60 seconds. All three exposure
35
times gave measurable path records. See Figure 7- The diameter of each
of these path tracks was measured five times with a 10X loupe and reticle.
The loupe and reticle were also checked against a stage micrometer for
accuracy. A mean and standard deviation were calculated for the 15
measurements. The path length was then calculated to be 29.6mm. This
path length is sufficient to allow 618 independent observations of
transmittance based on a scan aperture diameter of 47.8 ym.
o
15 sec. 30 sec. 60 sec.





The agreement of observed photomultiplier output Vd_c as a function of
transmittance to that predicted by equation (III-2) was very good. The
maximum deviation of 3.2 percent occurred when the transmittance of
1.45 percent was used. This point was the only one of the four which
fell outside the 95-percent confidence interval. The square of the
correlation coefficient of the regression line determined by equation
(III-2) is 0.9995. Derivation of these results is given in Appendix H.
A plot of the photomultiplier characteristic points and the confidence
limits on the line described by equation (III-2) is shown in Figure 8.
Size of the Aperture Scanned
When the 4.79mm photomultiplier aperture mask is used, the 95-percent
confidence interval on the size of the scanning aperture at the film plane
is from 47.6 ym to 47.9 ym. The corresponding 95-percent confidence
interval for the 24.1mm photomultiplier aperture is 24.0 ym to 24.1 ym.
See Appendix F and Appendix G.
Variability of od
The 95-percent confidence intervals on the mean of od varied
from an
insignificant width when two digits of accuracy for od
were considered
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Effect of Experimental Factors
Variation in scan aperture between 48 ym and 24 ym showed significant
effect on the measured a, for all three samples scanned. The measured
od was higher when the 48 ym aperture was used.
A significant effect on od values was associated with changing the Vd_c
output of the photomultiplier when scanning the standard sample. The
effect of changing Vdc over a limited range was not significant for samples
number 3a and number 4a. See Appendix I.
Two observations from the standard sample at a higher V, than finally
used gave od's that were 13-percent higher, on the average, than those
subsequently determined for the 48 ym aperture. This indication was not
investigated further because of time limitations.
Comparison to True ad Values
The mean values for od found in the initial repeatability study
varied





















When looking at the above results, it must be remembered that samples
number 3 and number 4 had been damaged. The above aj figures shown for
a 48 ym aperture were converted to their 24 ym aperture equivalents.
The mean ad values found on the three samples with both the 24 ym and the
48 ym apertures, while differing significantly between the two apertures,
generally fell within 10 percent of the reported values of od for the
samples. In one instance out of the six, the percentage difference,




Given 24 ym 48 ym @ 24 ym @ 48 ym
Standard 0.022 0.021 0.023 -4.5% +4.5%
#3 0.019 0.016 0.018 -16% -5.3%
#4 0.021 0.019 0.021 -9.5% 0
The percent A figures were derived by the method indicated in Section III
A bias to low readings is noted.
Figure 9 shows a histogram of the percent A figures from Table IV-2 and
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The mean percent A from this distribution is -2.8 percent and the
standard deviation is 6.48. The mean confirms the overall bias to low








In determining od with the scanner resulting from this project, several
factors must be considered.
Fluctuating Root-Mean-Square Voltage
First there is the fluctuation of rms voltage output when scanning the
sample. This can be quite large and apart from making rms readings
difficult can be the source of inaccurate though precise readings. The
variation can arise from two principle causes, nonuniformity of density
and variation in focus over the length of the scan path.
Nonuniform Density
Nonuniform density in the sample can result from nonuniform flashing,
nonuniform processing or a combination of both. The effect is to provide
a varying average density about which the statistical fluctuations giving
rise to ad occur. If, however, the band pass of the measuring rms volt
meter will accept this long-period oscillation, its contribution will be
added to the total signal. The absolute contribution of this long-period
oscillation will be unaffected by scanning aperture size so long as its
spatial period is much greater than the size of any aperture used. On
the other hand the effect of using a larger aperture reduces the contri
tion to rms signal of the higher frequencies. Indeed, if the aperture
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were increased in size to such a degree that macrodensity measurements
were being made, the long-period oscillation might be the only frequency
contributing to the signal. Therefore, the proportional contribution
of long-period oscillation is multiplied by the factor correcting aperture
size data to a baseline aperture. In the case of this study, doubling
the size of the aperture to 48 ym requires doubling the measured od
to
obtain the equivalent
od at 24 ym and hence the relative contribution of
the long period density wedging is doubled. This could account for the
significant increase in ad obtained with the 48 ym aperture as the rms
voltmeter used in this study responds to as low a frequency as 2 Hz.
This corresponds to a spatial frequency of 0.044 cycles/mm at the rotational
speed of the stage. The period length for this frequency is 22.7mm which
is well over half the scan path length. Thus a wedging of density across
the diameter could contribute significantly to the overall rms output.
Variation in Focus
On the other hand, variations of focus in the sample plane cause a lowering
of indicated ad as the diffusing of the image of the smaller grains by
the de-focus causes the higher frequencies contributing to total rms to
be obliterated. This was the situation when the markedly lower than
expected od's for the damaged samples number 3 and number 4 were observed.
The focus was checked visually for these samples and a large variation in
focus along the scan path was noted.
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Minimizing Fluctuation Errors
Fluctuations of both types may be kept to a minimum by careful preparation
and handling of samples. Alternatively, for the case of density wedging
a high-pass filter could be used to block the spurious low-frequency
wedge. The lowest frequency of interest need only be calculated and a
filter with a cut-off just below this frequency be inserted between the
photomultiplier anode resistor output taps and the rms voltmeter. Better
still would be a variable band pass filter or filters which, could control
both high and low ends of the band of interest.
V Level
rms
Another consideration in od measurement is the total rms signal level.
Measurements of voltages less than 10 mv made with the Fluke 931P rms
voltmeter are reduced in accuracy because of the meter scale. Further,
the lowest input voltage specified is 3 mv. For very dense samples the
noise output-stage not rotating- could lie in this range. Also, to any
density of a sample must be added the tare density of the ND wedge
controlling the Vdc output, further driving Vac to lower values.
Figure 10 shows a plot of noise voltage (Vn) vs V, output. 10 mv
corresponds to V, of 1.6 v which by reference to Figured, Section IV,
corresponds to a total transmittance of 2.8 percent or a total density
of about 1.55 for both the sample and the ND wedge. In the actual
experimental runs the noise rms output varied irregularly from the curve
of Figure 10, generally with a positive bias.
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An improved photomultiplier and power supply could extend the linear
range of the measurements. This would allow much higher density samples
to be read. The photomultiplier power supply should allow control of
anode to dynode potential.
A good ripple free power supply for the lamp would prevent problems of
battery voltage decay with increasing lamp-on time and thus reduce the
photomultiplier Vdc output variation.
The motor used to drive the stage is not governed. The stage rpm was
measured by pulsing the stage with a strobotac. The rpm was found to
drift irregularly by about 2 rpm about a mean of 92 rpm. More flexi
bility of the instrument would be possible with a synchronous motor
connected to a variable speed drive. A drive arrangement of this type
in use with a filter system set for narrow band pass operation would
provide the means for Wiener spectrum analysis. Modification to the
pre-aperture and photomultiplier aperture mask to a pre-slit/post-slit
configuration would be appropriate in this case.
Suggested Investigations
The study described here proved the feasibility of building and calibrating
an elementary granularity scanner. The limitations of time and resources
precluded a definitive evaluation of all aspects of the instrument. Several
avenues of research to further refine the calibration of the instrument
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became apparent as the limits of this study were approached. Some topics
of immediate interest for study are:
1. The variation in od measured over a wide
range of Vdc while using a fixed aperture.
2. The variation in
od resulting from
measure
ment with a wide range of apertures.
3. A more definitive comparison of od measure
ments made with this instrument to those
made by other methods over a wide variety
of density levels and grain size distributions
of samples.
Of particular interest would be the study of od variation with Vdc.
The
significance of this type variation in ad noted for the standard sample
was at the 95-percent confidence level. The variation with Vdc is not
significant at 99 percent confidence. In contrast to this, the variation
between readings taken with the two apertures is significant to the 99.9-
percent level for all three samples examined. Further, when the individual
od readings varying with Vd are averaged within each level and rounded
to two significant digits, no variation is noted between the levels. In
this regard also, is the possible significance of the two higher od
readings taken at a high V, as described in Section III. The unresolved
questions aroused by these points show the need for better knowledge of




The results of the research reported herein support the following
conclusions:
a. The values of o^ obtained with this instrument
can be reliably obtained to two significant
numbers.
b. The instrument is repeatable to the degree
that with 95-percent confidence, od obtained
with one observation lies in the range of
precise system od 0.0005.
c. The values of ad determined with this
instrument
are accurate to within 10 percent of reliably
established figures for the same samples with
95-percent confidence.
These conclusions are limited by the experimental conditions limiting
the research. They are therefore valid for two apertures, 24 ym and
48 ym, and for a photomultiplier \X output range of 0.25 to 1 . Ov for the
931A photomultiplier installed in this apparatus.
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DERIVATION OF PROPORTIONALITY CONSTANT RELATING o, and
d
V
Recall equations (II-2) and (I 1-4) from Section II. The equivalence of
the two expressions is based on the proportionality between photomultiplier
output (Vdc) and the transmittance (T) of any sample in the light beam.
The form of the relationship between V_, and T affects the value of the
constants involved in (II-3) and (II-4). In the case here V, and T are
related by a power function of the form: V = aT . The derivation of
1 8
the constants, 1C, and K2, of equations (II-3) and (II-4) is as follows:
Differentiating the expression:
















n"(^) AT2. (A -2)
2 2
Now assuming (AV) and (AT) arise from a number of observations (N) ,

















Where T and V are the points about which the deviations giving rise to
aT and ov occur. V and T then are exactly equivalent to V and T in







= (0.434)(0.920) = 0.399.






FREQUENCY BAND PASS OF ROOT -MEAN -SQUARE (rms) VOLTMETER
High-Frequency Cutoff


















The equivalent resistance (R ) of the circuit is given by:
!C-=lC+T-> &'
eq a m
and for R_ = 300k, R = 230k,m
eq
'
or for R = 100k, R = 91k.
m eq






Forthe 300k anode resistor supplied with the meter, f, .
= 620kHz. When
the 100k resistor is used instead, f, . = 1.6mHz. These figures do not
include an allowance for interwire capacitance of the leads as this is
unknown.
Required Rotor Revolutions
If the range of spatial frequencies to be scanned is assumed to lie between
1 cycle/mm and 500 cycles/mm and it is desired that the electrical response
of the scanner to this band be put between 30Hz and 50kHz; that is, within
the most accurate range of the rms voltmeter the rotational speed





where: f = time frequency (cycles/sec),
f = spatial frequency (cycles/mm),
L = path length (mm)- (assumed to be 3.14cm), and
rpm = rotational speed (revolutions /min. ) .
The assumed spatial frequencies yield, then, an rpm range requirement of:
Rmin = 57 rpm
*
Rmax =191 rpm.





If now the rpm of the rotor is known the corresponding f can be computed
by (B-4).
The actual spatial frequency limits within the rms meter band of 30 Hz and
50 kHz for the measured rotor speed of 92 rpm and actual path length of
29.6mm are:
f (minimum) = 0.66 cycles/mm,
3
f^ (maximum)
= 1.1 x 10 cycles/mm.
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I'he high frequency cut off of the meter with the 100k resistor occurs at
fs : 35,000 by (B-4).
Therefore, the frequency window of the meter is adequate to handle
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STATISTICAL DETERMINATION OF EQUIVALENT APERTURE SIZE FOR
4.8mm PHOTOMULTIPLIER APERTURE MASK
Twenty observations of the number of filar scale divisions indexed as
the reticle was swept over 100 ym on a stage micrometer were recorded.
The mean (Xc) and standard deviation (sr) of the reciprocals of the
observed values are:
Xc
= 0.87026 ym/div. s s 2
^- = 0.00398; (^-) = 0.0000158
sc
= 0.00346 ym/div. xc xc
The standard deviation of the product of two factors derived from
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measurements is given by:





where X-, and xE are the mean values of the two factos and s-. and s? are
the standard deviations of the measurements of the two factors. Xp the




After setting the object distance with a 266mm transfer rod, 30 observations
were made of the number of filar scale divisions indexed as the reduced
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image of a 6.55mm aperture was swept by the reticle. This yielded a mean
number of divisions (X__) and standard deviation (s ) as follows:
X = 75.01 divisions
s = 0.433 divisions
s s 2
= 0.00578 (-HL) = 0.0000334
Xm Xm
Therefore, using (F-l) and ff-2) the most probable value of the product
(X.,) and its standard deviation (s ) are:
V P
X = 65.28 ym
P
s = 0.4578 ym
P
Thus with 95-percent confidence the true size (y ) of the scanned spot
lies within the interval:
XP





65.15 ym < yp
< 65.41 ym
where n = 50 since this number of individual observations composed the
product, y
= 48 since one degree of freedom was lost in the computation






where: M = magnification
h'= image size
h = object size




Carrying this out to the size of the spot scanned when the microscope
used above as a reduction device is used as a viewer for the PMT mask of
4.79mm requires taking the reciprocal of the above M since the object and





or, with 95-percent confidence:
100.14 < y ,
< 100.54
m
hence, with 95-percent confidence, the diameter of the spot (ys ) scanned




The most probable diamter d, then being:
d2 : 47.8 ym
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APPENDIX G
STATISTICAL DETERMINATION OF EQUIVALENT APERUTRE FOR
2.41mm PHOTOMULTIPLIER APERTURE MASK
A 5X objective was used with a filar eyepiece to measure the opening
drilled in the brass shim. The mean (X ) and standard deviation (s )
of the reciprocals of 5 observations of the numbers of filar divisions
indexed while the reticle swept 1mm are:
Xc
= 0.002329 mm/div.
s = 0.00001000 mm/div.
c
s s 2
= 0.004294; (~) = 0.00001844
xc xc
Eight observations of the numbers of filar divisions swept as the reticle
was moved across the opening of the shim were recorded. This was done
for varying orientations of the aperture. The mean (X ) and standard













The most probable diameter of the aperture, then, is
D = X_ Xm = 2.41mmc m
and the
sd
is calculated as before from:
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s 2 s 2
Ac Am
0.005306mm








where: n = 13
Y
= 11
or: 2.40 < yd
< 2.42
From Appendix F 95-percent confidence intervals on magnification (M) are:
0.009986 >
ym
> 0.009947; M = 0.009966






Therefore the most probable scan aperture diameter is:
d = M D
d = 0. 02403mm = 24.03 ym
- s 2 s 2





Now 95-percent confidence limits on scan aperture size become:
d-(ty, 0.025) < yd
< d-.(t , 0.025)
/n /n
or: 24.0 < yd
< 24.1
In this case n = 63 and y = 59 since the total number of filar observations




FORM OF LINEARITY OF PHOTOMULTIPLIER
A plot of Vdc output of the photomultiplier vs the transmittance of
neutral density filters in thelight beam on full logarithmic paper formed





describes the relationship between V, and T in this case. (H-l) mayr
dc
be expressed as:
Log V = n log T + log a (H-2)
for ease of computation in a linear regression program using the basic




+ BXX + e (H-3)
The logarithms of V, and T were inserted into such a program for the
Monroe 1265 calculator. This program yielded for equation (H-2)
n = 1.088
loga = -0.2885 = 1.7116
(hence: a = 0.5146)
r = 0.9997
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The square of the correlation coefficient (r) gives the approximate contri
bution of the linear functional relationship to the total spread
of V, .







Equation (H-4) may be used to compute predicted values of V, . Table
(H.l) shows the predicted values (V, ) at each level of T compared to the
mean output (X ) observed. The percent deviation (Percent A) of V,
from V, is also shown.
dc
TABLE H.l
T Vdc V %_
7.08% 4.33v 4.39v 1.4%
2.82 1.59 1.58 0.63
1.45 0.771 0.746 3.2
0.537 0.262 0.268 2.3
The maximum deviation from linearity therefore is 3.2 percent
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APPENDIX I
REPEATABILITY OF THE APPARATUS
The initial repeatability test was run as a repetative series without
variation in aperture or V output. The four samples run showed very
small variations in indicated a, between runs. Table 1.1 shows mean o,
d d
found for each sample, the corresponding standard deviatipn, and the
95 percent confidence limits on od for each sample.
TABLE 1.1
Sample # od Sd L.Cf .L. U.Cf.L. n
1 0.0118 0.0000707 0.01171 0.01189 5
2 0.0182 0.0000130 0.01818 0.01822 5
3 0.0109 0.0000548 0.01083 0.01097 5
4 0.0146 0.0000374 0.01457 0.01463 7
It can be seen that if od
is rounded to two significant figures, the
spread of the confidence interval has negligible effect on the value.
A more indicative prediction of repeatability was generated in the
experiment to test the effect of differing V, and aperture size. The
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random nature of this experiment more probably corresponds to the manner
of operational use of the instrument. The calculation of the confidence
interval on od for each aperture required that a standard deviation of
-^
be found. This was the square root of the mean square for error in
each crossed experiment.
As the interval was to be applied to the mean of four observations at
each aperture and the error term had four degrees of freedom associated
with it, the confidence interval calculation was based on:
Y
= n = 4
rather than the usual :
(I-l)
n 1 (1-2)
Table 1-2 summarizes the results, with upper and lower 95 percent
confidence limits.
TABLE 1-2





























It can be seen that the spread of the 95 percent confidence limit about
the mean value is less than the 0.0005 sensitivity required for finding
od to two significant digits.
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APPENDIX J
EFFECT OF CHANGING V, PHOTOMULTIPLIER OUTPUT AND APERTURE SIZE
dc
Tables J.l, J. 2, and J. 3 show the results of the crossed experiment to
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The tabular F ratio used for tests of significance for each experiment
was 7.71. This is the value for Yi
= 1, Y2
= 4, and a. = 0.05.
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